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ABSTRACT
The evolutionary and biogeographic history of the genus Larrea was 
assessed by determining patterns of genetic variation in chloroplast DNA, nuclear 
ribosomal internal transcribed spacer (ITS!) DNA, and temporal and spatial 
distributions of the three geographically distinct polyploids of Larrea tridentata. 
The phylogenetic relationships, based on the chloroplast DNA (cpDNA) restriction 
site analysis, were congruent with morphological studies. Cytoplasmic gene flow 
was postulated to account for identical haplotypes being shared between L. nitida 
and L. cuneifolia from South America, with L. nitida as the putative maternal 
donor. Two distinct cpDNA haplotypes were found in North American L. 
tridentata, and one of these haplotypes was also found in South American L. 
divaricata. Low levels of variation were detected throughout the genus, perhaps 
as a result of extremely long generation times or recent diversification. ITS 1 
sequences within the genus Larrea are highly variable within individuals as well as 
species, indicating that concerted evolution has failed to homogenize repeats the 
within an individual. However, intermediacy of concerted evolution was present 
within the genus where some phylogenetic relationships were supported. This 
intermediacy may be a result of rapid diversification, polyploidy, introgression 
and/or long generation time. Finally, ploidy levels within the southwestern deserts 
were inferred using guard cell size and mean guard cell area was significantly 
different among all three deserts, but the boundaries of the ploidy levels were not 
distinct. Polyploidy changes across the range of Larrea tridentata since the end of 
the glacial maximum to present were inferred from measurements of guard cells of 
leaves preserved in pack rat middens in the warm deserts of North America. 
Diploids and tetraploids were present in the lower Colorado River Valley 10,000 
to 18,000 years before present (yrB.P.), and were replaced with tetraploids 8,100 
yr B.P. Hexaploids were present in the Mojave Desert by 6,500 yrB.P.
m
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CHAPTER 1
GENERAL INTRODUCTION 
Systematics and Distribution of Larrea within the Zygophyllaceae
The genus Larrea dominates in the warm deserts of North and South 
America. The genus includes four species in South America and one species in 
North America (Porter, 1974). This genus has interested scientists since the 1800’s 
primarily due to the disjunction between the Americas. However, there are many 
characteristics that are unique in Larrea. It is documented to be clonal and long- 
lived (Vasek, 1980), highly drought tolerant (Odening et al., 1974), allelopathic 
(Mahall and Callaway, 1991) and demonstrates hybridization and polyploidy 
(Mabry et al., 1977). This unique genus is within the Zygophyllaceae family.
The Zygophyllaceae, a diverse family of trees, shrubs, and herbs growing in 
arid and semi-arid areas of the world, consists of 26 genera and about 250 species 
(Engler, 1896). Fifteen of the twenty six genera occur in the Neartic and 
Neotropical regions. The Zygophyllaceae also have a West Gondwanaland 
distribution with some genera reaching Asia and a few in Australia.
The Zygophyllaceae is without obviously close relatives, although its 
sister taxon could be the tropical African and Indian family Balanitaceae. The 
position of this family in relation to other plant families has been the subject of 
disagreement (Engler, 1931; Hutchinson, 1973; Heywood, 1978; Takhtajan, 1980; 
Cronquist, 1981). Thus, although the Zygophyllaceae has been placed in five
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different orders, the current consensus is that it is most closely related to families 
in the Order Geraniales (Sheahan and Cutler, 1993).
Systematic relationships within the family have also been controversial for 
many years. Engler (1931) divided the family into seven subfamilies. All 
subfamilies appear to represent natural groupings of genera except for the 
Zygophylloideae. This subfamily contains the type genus Zygophyllum, which has 
80 to 100 species. The genus Larrea has been included in the Zygophylloideae 
(Table 1). This subfamily is determined using the following criteria; leaves 
opposite, simple or pinnate; fruits loculicidal, septicidal or schizocarpic; endosperm 
present or absent. Although most phylogenetic relationships within this diverse 
subfamily are unclear. Porter (1979) hypothesized that Bulnesia, Guaiacum, 
Viscainoa, and Morkillia are the closest living relatives of the tropical progenitors 
to the New World Zygophylloideae. However, there is a lack of fossil evidence to 
document any of these relationships.
The genus Larrea was first described by Cavanilles in 1800, based on 
South American specimens (Palacios, 1979). This genus is a dominant, ubiquitous 
shrub of the warm deserts of North and South America. Larrea is composed of 
four species in South America and one species in North America. The five species 
have been divided into two sections: Larrea and Bifolium (Palacios and Hunziker, 
1972). The section Larrea is composed of two species. L. ameghinoi Speg. and 
L. nitida Cav., which have multifoliate leaves, small flowers, and hard, non-villous 
mericarps. Section Bifolium consists of L. divaricata Cav., L. tridentata (DC.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CovUle, and L. cuneifolia Cav., which have bifoliate leaves, larger flowers, and 
villous mericarps.
Section Larrea is considered to be ancestral to Bifolium due to the lack of 
adaptations for aridity, more complex leaf structure, and smaller flower size 
(Hunziker et al, 1977). L. ameghinoi has the narrowest distribution and is 
restricted to northern Patagonia in the transition zone of the phytogeographical 
provinces of Patagonia and the Monte Desert (Fig. la). This shrub is a lignous, 
prostrate chamaephyte and is usually found on wind-erodable sites (mostly playas 
or non- rocky areas) exposed to the strong Patagonian westerlies. The leaf of this 
species has 3-7 unequal leaflets with short pubescence on both faces. L. 
ameghinoi has a diploid chromosome number (2n = 26), and has been shown to 
hybridize with the other four species of Larrea (Hunziker et a i, 1977).
Larrea nitida occurs in northern Patagonia and in the southern Monte or 
on the slopes of the Andes (Fig. Id), primarily in cold and moist environments 
(Roig, 1972, 1976), or in locations where both cold air and water accumulate 
(Morello, 1956). In the Andes near Mendoza, Argentina, L. nitida reaches 3300 m 
elevation. The elevation where this species occurs is negatively correlated with 
latitude, increasing in mean elevation closer to the equator (Ezcurra et ai, 1991).
L. nitida is an erect woody shrub with north/south-facing leaves and branches, and 
the leaves have 9-17 unequal leaflets. This species is also a diploid (2n=26) and 
commonly hybridizes with L. ameghinoi. Introgression between L. ameghinoi and 
L. nitida has occurred (Hunziker et ai, 1972, 1977), and is probably common in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
zones of contact between the two species. Currently, it is difficult to find 
monospecific stands of L. ameghinoi, but the hybrids are very common.
The remaining species fall within the section Bifolium. L. cuneifolia is an 
erect shrub with distinct east/west-facing leaves and branches, has a wide 
distribution in the western part of Argentina and fairly well delineates the 
boundaries of the Monte Desert (Fig. lb). The leaflets are parallel, cuneiform, and 
have appressed hairs on both faces. The embryo and the transverse section of the 
seed differ fi’om the other members of this section. The transverse section of the 
seed is ovate, while in L. tridentata and L divaricata it is elliptical or obovate. The 
embryo in L. cuneifolia has the cotyledons perpendicular to the plane, and L  
divaricata and L. tridentata have the cotyledons parallel to the longitudinal plane 
of symmetry (Hunziker et ai, 1977). This shrub is a tetraploid (2n=52) that was 
formed by allopolyploidy events. Hybrid crosses between L. cuneifolia and L. 
divaricata produce a triploid with 13 bivalents +13 univalents in nearly 50% of 
the cells. This equal pairing of chromosomes in hybrids indicates that the genomes 
of the species are homologous. Since bivalents and univalents were produced, the 
gametes are unbalanced and this leads to pollen abortion and sterility (Hunziker et 
ai, 1972). Thus, one of the parental diploids is thought to be L. divaricata or a 
very closely related ancestral taxon, and the other is now considered to be extinct 
or an unknown diploid (Hunziker et ai, 1978).
Larrea divaricata is the dominant shrub in the arid to semi-arid regions of 
Argentina, and the most widely distributed Larrea species in South America (Fig.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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le). It also occurs on the western side of the Andean Cordillera in Chile, and in 
isolated regions of Bolivia and Peru. Morello (1955) has characterized this species 
as mesic because it grows along washes, arroyos, and playas. It also occurs in 
semiarid Chaco woodlands with 700 mm of annual precipitation, and is dominant 
on the gravely Patagonian plateau (Bertiller et al., 1981). This species is dominant 
because it can tolerate a large range of micro-environments. It is an erect woody 
shrub with bifoliate leaflets that are divergent and convex. The leaflets are 
uniformly distributed in all azimuthal directions (Ezcurra et ai, 1991). L. 
divaricata is a diploid (2n=26) across its entire range, and has been documented to 
hybridize with L. tridentata and all other species of the genus (Hunziker et al., 
1977; Yang c/a/., 1977).
Larrea tridentata is the most abundant and widely distributed shrub in the 
warm deserts o f North America, with a geographic distribution extending over 
358,000 km .̂ The range ofL  tridentata continues to expand through ongoing 
invasion of desert grasslands, a process which has been related to overgrazing and 
fire suppression during the past century (Grover and Musick, 1990). Three 
cytological races have been identified in L. tridentata. diploid (2n=26) in the 
Chihuahuan Desert; tetraploid (2n=52) in the Sonoran Desert; and hexaploid 
(2n=78) in the Mojave Desert (Yang, 1967a, b; 1970; Poggio et al., 1989). This 
increase in ploidy is hypothesized to have occurred through autopolyploidy events 
as a response to increased aridity during range expansion after the last glaciation 
(Hunziker c/a/, 1972; 1978; Yang era/., 1977). L. rri</en/ara occurs on alluvial
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and volcanic soils, sandy plains, and on the edges of alkali flats. It is an erect 
woody shrub with leaflets that are divaricate and obliquely lanceolate to falcate 
(Palacios, 1979).
Controversy has surrounded the distinction of North American L. 
tridentata from South American L. divaricata. Vail (1895) was the first to argue 
that the two were conspecific, but after reviewing more specimens reversed that 
decision (Vail, 1899). These two species have been separated by leaflet and 
stipule characteristics. L  divaricata leaves are pubescent and the veins of the 
leaflets are lined with white hairs 1-2 mm long, and the leaflets are obovate to 
ellipsoid. L. tridentata is less pubescent and the leaflet veins are usually dark and 
lack hairs, and the leaflet shape is obliquely lanceolate to falcate (Porter, 1963). 
Barbour (1969) compared L  tridentata and L. divaricata based on morphological, 
physiological and anatomical characteristics. The results showed that L. divaricata 
was most similar to Chihuahuan populations of L  tridentata, and least similar to 
the Mojave population. Johnston (1924, 1940), Monticelli (1939), Axelrod 
(1950), and Morello (1958) have regarded L. divaricata and L. tridentata as 
conspecifics, while Robinson (in Gray, 1897), Garcia et al. (1960), and Ragonese 
(1960) have considered them distinct species. The morphological variation 
exhibited between the two taxa is slight, but that plus the geographic disjunction 
and chromosome number variations have led to the currently prevailing view that 
L. divaricata and L. tridentata are separate species. There is continuing
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disagreement on this point, and both names are used in North American literature 
(Hunter and McAuliffe, 1994; Van Devender et a l, 1994).
Development of New World Deserts and Their Floristic Similarities
Recent data suggest geological connections between North and South 
America throughout the Jurassic and Late Cretaceous, disjunction during the 
Paleocene («65-54 Million years ago (Ma)), and reconnection during the Eocene 
(«54-38 Ma) (Parrish, 1993). The continents of North and South America were 
separated most of the early Neogene and rejoined only during the late Pliocene (3 
Ma). Active tertiary tectonics built the isthmus bridge between the two land 
masses, when the “great American interchange” occurred (Stehli and Webb, 1985). 
The Tertiary has been documented in the Americas as a time of arid-land formation 
associated with tectonic activity, decreased overall temperature, and changes in 
atmospheric carbon dioxide levels that led to drastic changes in vegetation 
(Axelrod, 1983; Coney, 1983; Cerlinge/a/., 1993; Clapperton, 1993; Wolfe,
1994). While this large scale pattern of change has been similar in the north and 
south, the smaller scale climatic changes are not identical in North and South 
America and must be examined separately for each continent (Markgraf et al.,
1995).
Three warm deserts (Chihuahuan, Sonoran, and Mojave) and one cold 
desert (Great Basin) are generally recognized in North America (Shreve, 1942).
The boundaries of the deserts coincide with major topographic and climatic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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transitions. The development of modem deserts, as judged from paleofloras, 
correspond to the orogeny of the Cascade-Sierran, the Transverse and Peninsular, 
the Rocky Mountains and the Sierra Madre mountain ranges (Axelrod, 1983). The 
uplift and expansion of the North American cordillera occurred during the last 28 
Ma, although Wolfe (1994) indicated that an earlier uplift may have occurred in 
the early Paleogene. In addition to evidence from paleofloras and faunas, 
molecular biogeography also indicated development of regional deserts in the 
Tertiary (Riddle, 1995). Paleobotanical information indicates there was a 
transition from mixed coniferous forests in the late Cretaceous to dry tropical 
forests in the late Oligocene. During the Miocene, grasslands and sclerophyll 
woodlands developed, and in the Pliocene regional deserts were formed with the 
rise of the Sierra Nevada and further rise of the Rockies.
Aridification of South American landscapes was similar to that of North 
America, with several notable differences. During and prior to the Tertiary 
significant structural modifications occurred in South America. New Zealand and 
then Australia separated in the early Tertiary and then South America moved 10° 
in latitude toward the equator (Markgraf et ai, 1995). The Central Andes were 
constructed by the subduction of the oceanic crust beneath South America from 
the Jurassic until present (Mpodozis and AUmendinger, 1993). The majority of 
the tectonic framework was established prior to the late Miocene, but some 
portions of the Andes have risen progressively higher during the past 1.6 Ma 
(Clapperton, 1993; Hoorn et al., 1995). Since the Central Andes were generally in
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place by the Miocene, it is improbable that deserts are a recent development in 
South America. The arid phytogeographical regions include the Chaco, Pampean, 
Espinal, Monte, Prepunena, and Patagonia (Favre, 1970).
The geographic region associated with the origination of the desert flora in 
South America was most likely in northern Argentina, possibly a more mesic 
Chaco region (Sarmiento, 1975). The biota of this region could be classified as 
xerically adapted subtropical deciduous forest. Plant families likely to have given 
rise to the desert flora include the Anacardiaceae, Zygophyllaceae, and the 
Fabaceae (specifically the Mimosidea tribe) or their ancestral forms. This is 
supported by Eocene or Eocene-Oligocene age fossil remains o f Prosopis, 
Schinopsis, Schinus, Zygophyllym, and Aspidosperma fi-om North America 
(Solbrig, 1976). This is also supported by floristic similarities between this region 
and the more recent true deserts.
The Americas share a floristic similarity between polar, temperate, and 
desert regions. The similarities between the deserts of North and South America 
were originally documented by Engler (1896) and Bray (1898). In the 1970’s the 
IBP (International Biome Program) compared a site in northern Argentina and a 
site in Arizona, attempting to quantify similarities. The results of that study 
concluded that out of 250 species of plants in 115 genera and 50 families, there 
were 14 species, 51 genera, and 29 families common to both North and South 
America (Orians and Solbrig, 1977). The species shared by the two continents are 
mostly ephemerals. Genera that demonstrate little diflferentiation between North
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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and South America are Acacia, Cercidium, Cereus, Larrea, Prosopis, and 
Opuntia. These six genera constitute the dominant shrubs or trees in the two 
areas. In general, ephemeral or herbaceous plants were postulated to be more 
likely to have shared species between the two continents due to ease of 
establishment. Perhaps even greater similarity unites desert floras between the 
Americas than shown in the IBP study, due to the limited area studied.
The historical similarities between floras in arid regions of North and South 
American are exceptional, but constitute a low percentage of the total floristic 
diversity. The timing of this arid disjunction, for most species, may have been 
achieved by early Tertiary time (Raven, 1963; Raven and Axelrod 1974). This has 
been proposed for groups that appear to have South American affinities, but are 
represented by endemic elements in North America (e.g., Cactaceae, Liliaceae- 
Allieae, Loasaceae, Martyniaceae, Nyctaginaceae, Tecophilaeaceae, and 
Zygophyllaceae). The idea of direct migration between the two regions has little 
support because few prominent plants have been exchanged. Morello (1958) 
documented dominants in the north and south that have not been exchanged, 
including Yucca, Agave, and OIneya in the north, and Bulnesia, Bougainvillea, 
Zuccagnia, and Trichocereus in the south. However, Williams (1975) proposed 
migration of a herbaceous genus, Piptochaetium (Poaceae), with the extensive 
migration of grazing mammals across the land bridge in the Pliocene. Thus, the 
disjunctions may have been a result of the combined processes of direct migration 
and long distance dispersal.
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Origin and Timing of the Amphitropical Disjunction of Larrea
The genus Larrea has become a classic example of an amphitropical 
distribution between North and South America. The origin and timing of this 
disjunction has been a source of debate, with three prevailing hypotheses having 
been advanced. The first and least supported hypothesis is that Larrea arose fi'om 
a trans-tropic prototype that served as the progenitor of the genus (Barbour,
1969). This hypothesis was supported by morphological characters which showed 
L. divaricata was more similar to the Chihuahuan Desert L. tridentata, which 
could have been the prototype. Barbour (1969) compared the current desert 
distributions of Prosopis and Cercidium to Larrea, to illustrate the feasibility of 
the hypothesis. The two genera occur with Larrea in Argentina and North 
America, but they also occur in Venezuela, the West Indies and southern Mexico 
(Garcia et al., 1960; Rzedowski, 1988). This hypothesis is appealing, but there is 
no fossil evidence to support it at this time.
The second hypothesis proposed that L. tridentata arose in North America 
as a diploid and eventually became established in South America, and underwent a 
radiation there (Turner, 1972; Porter, 1974). This challenges the “more species in 
South America” argument for longer occurrence in South America. Porter (1974) 
pointed out that phylogenetic relationships within the family are unresolved, and 
current geographic distribution patterns cannot resolve the place of origin.
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The third hypothesis is that Larrea reached North America from South 
America via long distance dispersal (Hunziker, 1972; 1975; Porter, 1979). This 
hypothesis is consistent with several lines of evidence. The first is that there are 
four species of Larrea in South America, and only one in North America. The 
second is that L. cuneifolia contains the genome of L. divaricata, which indicates 
that L. divaricata may be ancient in South America (Hunziker et a i, 1977). In 
contrast, Hunziker et al. (1972) have demonstrated that there are no differences in 
the protein patterns of the different chromosomal races of L. tridentata. This 
suggests that L. tridentata polyploids were produced by autopolyploidy events and 
that there origin did not involve other species of Larrea. Porter (1974), who 
initially supported the second hypothesis, but later reversed his opinion and 
supported the third hypothesis based on the combined distributions of Bulnesia, 
Plectrocarpa, and Porlieria that also have South American distribution (Porter, 
1979). Current distribution patterns provide most of the data relevant to the three 
hypotheses since there is little evidence from fossil information.
The origin and timing of the disjunction have been inseparable issues, since 
the time of the disjunction could support theories about the origin of Larrea. The 
use of packrat middens to date the distributions of Larrea in the North American 
deserts during the Late Pleistocene and Holocene suggest a South American 
origin. In the mid-1970’s. Wells and Hunziker (1976) pointed to the oldest Larrea 
record at 10,580 yr. B.P, as evidence that the polyploidization of L. tridentata 
occurred in response to Holocene aridity. This report has influenced the way
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
others view the age of Larrea, primarily a Holocene component of North 
America deserts (Johnson and Mayeux, 1992). However, packrat middens 
including L. tridentata have been documented at 18,700 ± 1050 yr. B. P. in the 
Tinajas Atlas, AZ (Van Devender et ai, 1987) and at 12,390 ± 340 yr. B.P. at 
Picacho Peak, AZ (Cole, 1985). Thus, during the Wisconsin glacial period, Larrea 
was present at low elevations along the Colorado River, one of the most xeric 
regions of southwestern North America. Additionally, L  tridentata fossils from 
the Late Pleistocene have not been found above 330 m elevation (Cole, 1990).
This implies that if Larrea was here during the fiill glacial, it could have been here 
during the milder early glacial (-70k), and probably during the last interglacial 
(135-70k). As a minimum estimate it is generally accepted that Larrea migrated to 
North America during the Pleistocene. This timing is consistent with the 
hypothesis that the genus originated in South America. Evidence that could 
contradict this hypothesis must come from historical data, not from current 
distributions.
Molecular Systematics as a Tool for Phylogeographic Reconstruction
There have been three important developments that have revitalized 
systematic research in plants (Doyle, 1993). The first was incorporation of the 
theoretical framework of phylogenetic reconstruction developed by Hennig (1966). 
Second, advances in computer technology have allowed phylogenetic reasoning to 
expand beyond manual methods of evolutionary tree construction and provided the
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means of examing hypotheses within a statistical framework. And third, the 
most important advance was the revolution in molecular biology that has provided 
access to a wealth of genealogical information.
Molecular systematic work in plants has relied mainly on analyses of the 
chloroplast DNA (cpDNA). The principal reasons for using cpDNA variation for 
phylogenetic reconstruction include ease of analysis, the generally uniparental, 
non-recombinant inheritance of cpDNA and the conservative nature, in terms of 
both nucleotide sequence and structural rearrangement, of cpDNA evolution 
(Curtis and Clegg, 1984; Palmer, 1985, 1987; Olmstead and Palmer, 1994). 
CpDNA variation has been found useful across intraspecific (e.g., Arnold et al., 
1991; Soltis et al., 1992) to interfamilial (e.g., Albert et al., 1992; Chase et al., 
1993) taxonomie levels in plants. Most cpDNA studies have used the rbcL gene, 
but new regions are being investigated for comparative purposes. The new regions 
used include rapidly changing chloroplast genes, chloroplast introns, and intergenic 
spacers and the non-coding portions of the nuclear ribosomal DNA repeat 
(Olmstead and Palmer, 1994).
The information collected with cpDNA should be supplemented with 
data from the nuclear genome for several reasons (Baldwin et al., 1995). First, 
research has ofren demonstrated a discordance between cpDNA trees and other 
lines of evidence, which has ofren resulted from past episodes of interspecific 
hybridization (Rieseberg and Soltis, 1991; Rieseberg and Brunsfeld, 1992; 
Rieseberg and Wendel, 1993) or by lineage sorting (Pamilo and Nei, 1988; Doyle,
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1992). The stochastic process of lineage sorting can produce discordance 
between a gene tree versus a species tree because many allelic separations predate 
the species split. Phylogenetic resolution in cpDNA trees is often insufBcient to 
produce fully-resolved phytogenies, demonstrating the inadequacies of any 
estimate of organismal phylogeny based on a single organellar genome or nuclear 
gene (Doyle, 1992).
The region of the nuclear genome that has been chosen for lower level 
phylogenetic research in plants is the internal transcribed spacer (ITS) region of the 
18S-26S nuclear ribosomal DNA (nrDNA) (Baldwin, 1993; Porter, 1993). The 
ITS region has been used because of its small size, highly conserved flanking 
regions, high copy number, rapid concerted evolution, and length conservation of 
sequences (Baldwin, 1992; Baldwin etal., 1995). Phylogenetic results from the 
ITS region have provided: (1) resolution of conflict in data sets ( Soltis and 
Kuzofif, 1995; Baldwin et ai, 1995); (2) increased resolution of species 
relationships (Wojciechowski et al., 1993; Baldwin and Robichaux, 1995); and (3) 
direct evidence of reticulate evolution when examined in concert with cpDNA 
(Kim and Mabry, 1991; Wendel, 1995).
Plant molecular systematics using cpDNA and nrDNA have the potential to 
resolve phylogenetic relationships, and to shed light on the phylogeography o f an 
organism. Phylogeography is the study of the geographic distribution of 
genealogical lineages and the processes that lead to those distributions (Avise et 
al., 1987). Molecular studies using cpDNA and mitochondrial DNA (mtDNA)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
have revealed that many plant and animal species are genetically structured 
geographically (Arnold et al., 1991; Avise, 1992; Soltis et al., 1992; Riddle et al.,
1993). This implies that the genetic structure of any species is governed by 
historical biogeography and demographic factors. Thus, molecular markers can be 
used to answer biogeographic questions by reconstructing regional biogeographic 
histories, examining disjunctions and the processes that produced them, or to 
distinguish between convergence and ancestry (Avise, 1994).
Major Hypotheses for a Phylogeographic Study
The purpose of this research was to determine the biogeographic history of 
the amphitropical disjunction seen in the arid-adapted plant genus, Larrea. This 
project has the unique opportunity to answer important questions about disjunct 
distributional patterns and long standing questions about the origin of Larrea, to 
determine the genetic variability within the genus, and to examine polyploids of A. 
tridentata in North America. This is an extremely important plant genus in North 
and South American aridlands, and the phylogeographic history of Larrea should 
offer valuable insight into the history of American deserts.
The specific study goals, hypotheses, and methods are described in the 
following chapters. The present research was designed to address three primary 
questions based on the literature reviewed previously. The questions and some of 
the methodologies employed in the following chapters are summarized below:
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Ql: What are the phylogenetic relationships among all five nominate species 
within Larrea?
Two molecular markers were employed to determine the nature of the 
relationships within this genus. A cpDNA restriction site approach is reported in 
Chapter II which used two rapidly evolving gene regions within the cpDNA, and 
sequences from the ITSl region of nrDNA are reported in Chapter IV. Outgroups 
were selected from North and South America.
Q2: What is the extent of geographic variation across the range of L. 
tridentata?
This question is central to Chapter n, but is also discussed in Chapter IV. 
The two genome approach, cpDNA and nrDNA, was utilized. The molecular 
variation was compared directly to the polyploidy data, to infer a geographic 
pattern between the different data sets.
Q3: What is the history of polyploidy in Larrea tridentata in North America?
This question is addressed by documenting ploidy levels from modem 
Larrea across its range, and comparing those data to ploidy levels from fossil 
Larrea. The fossil Larrea samples come from packrat middens and range in age 
from 18,000 yr. BP to present. This is the focus of Chapter HI.
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CHAPTER n
PHYLOGENETIC RELATIONSHIPS WITHIN THE GENUS LARREA 
(ZYGOPHYLLACEAE) WITH EMPHASIS ON THE POLYPLOIDS OF
L. TRIDENTATA
This chapter has been prepared for submission to the American Journal o f Botany 
and is presented in the style of the journal. The complete citation is;
Hunter, K. L. and B. R. Riddle. Phylogenetic relationships within the genus Larrea 
(Zygophyllaceae) with emphasis on the polyploids of L. tridentata. American 
Journal o f Botany. In preparation.
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ABSTRACT
The genus Larrea is comprised of long lived perennial shrubs that dominate the 
warm deserts of North and South America. Sixty populations representing the 
range of all five species and one outgroup were sampled to determine the generic 
variation and biogeographic history of this genus. Restriction endonuclease 
digestion of specific chloroplast DNA regions revealed that the phylogenetic 
relationships of the genus are congruent with morphological studies. Cytoplasmic 
gene flow was postulated to account for identical haplotypes being shared between 
L. nitida and L. cuneifolia from South America, with L. nitida as the putative 
maternal donor. Two distinct cpDNA haplotypes were found in North American 
L. tridentata, and one of these haplotypes was also found in South American L. 
divaricata. The three different ploidy levels of L. tridentata did not correspond to 
the cpDNA data. Also, low levels of variation were detected throughout the 
genus, perhaps as a result of extremely long generation times or recent 
diversification.
INTRODUCTION 
The genus Larrea dominates in the warm deserts of North and South 
America. The genus includes four species in South America and one species in 
North America (Porter, 1974). This genus has interested scientists since the 1800’s 
primarily due to the disjunction between the Americas. However, there are many
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characteristics that are unique in Larrea. It is documented to be clonal and long- 
lived (Vasek, 1980), highly drought tolerant (Odening et al., 1974), allelopathic 
(Mahall and Callaway, 1991) and demonstrates hybridization and polyploidy 
(Mabry era/., 1977).
Larrea is a member of the dicot family Zygophyllaceae, which consists of 
26 genera and about 250 species (Engler, 1896). Most species of this family are 
microphyllous shrubs or subshrubs with resinous cuticles and small stomata 
(Ezcurra et al., 1991). Fifteen of the 26 genera occur in the New World. 
Taxonomically, Larrea has been divided into two sections, Larrea and Bifolium 
(Hunziker et al., 1977). The species in the more primitive Larrea section have 
multifoliate leaves and small flowers, while species in the Bifolium section have 
bifoliate leaves and larger flowers (Hunziker et al., 1977).
The two diploid species (2n=26) in the section Larrea are L. ameghinoi 
Speg. and L. nitida Cav. L. ameghinoi has the narrowest distribution in Argentina 
and is restricted to northern Patagonia. This shrub is a ligneous prostrate 
chamaephyte and is usually found on wind-erodable sites. L. nitida occurs in 
northern Patagonia and in the southern Monte on the slopes of the Andes. It is an 
erect woody shrub with north/south-facing leaves and branches. L. nitida 
commonly hybridizes with L. ameghinoi, and introgression between them has 
occurred (Hunziker e/a/., 1972, 1977). Currently, it is difiScult to find 
monospecific stands of L  ameghinoi, while the hybrids are common. The two
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South American components of the section Bifolium are L  cuneifolia and L  
divaricata. L. cuneifolia has a wide distribution in the western part of Argentina 
and fairly well delineates the boundaries of the Monte Desert. It is an erect shrub 
with distinct east/west-facing leaves and branches. This shrub is a tetraploid 
(2n=52) that was formed by an allopolyploid event (Hunziker et al., 1972); one of 
the parental diploids is thought to be either L. divaricata or very closely related to 
one of its ancestral progenitors, and the other is now considered to be extinct or an 
unknown diploid (Hunziker et ai, 1978).
Larrea divaricata is the dominant shrub in the arid to semi-arid regions of 
Argentina, and is the most widely distributed Larrea species in South America. It 
also occurs on the western side of the Andean Cordillera in Chile, and in isolated 
regions of Bolivia and Peru. L. divaricata is a diploid (2n=26) across its entire 
range, and has been documented to hybridize with L. tridentata and all other 
species of the genus (Hunziker et al., 1977; Yang et al., 1977).
Larrea tridentata (Sesse and Moc. ex DC) Cov. is the most abundant and 
widely distributed shrub in the warm or subtropical desert of North America, with 
a geographic distribution extending over 358,000 km .̂ The range of L. tridentata 
continues to expand through ongoing invasion of desert grasslands, a process that 
has been related to overgrazing and fire suppression during the past century 
(Grover and Musick 1990). Three ploidy levels have been identified in L. 
tridentata: diploid (2n=26) in the Chihuahuan Desert; tetraploid (2n=52) in the
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Sonoran Desert; and hexaploid (2n=78) in the Mojave Desert (Yang, 1967a and b; 
1970). Research has shown that the three cytological races have uniform 
chemistry based on acid-soluble phenolics, protein spectra, and cuticle resins 
(Hunziker et al., 1972, Mabry et al., 1977). This evidence plus that of packrat 
middens has been used to suggest L. tridentata was a recent introduction from 
South America, since the late-Wisconsin or early Holocene (Wells and Hunziker, 
1976). According to this early view, the increase in polyploidy is thought to have 
occurred through autopolyploidy events as a response to increased aridity during 
range expansion of Larrea since the last glaciation. Subsequently, L. tridentata 
leaves were radiocarbon-dated to the last glaciation (18-12k), raising the 
possibility that one or more of the ploidy levels already existed in the North 
America before the Holocene (Van Devender, 1990).
The use of chloroplast DNA (cpDNA) in plant systematics research has 
usually been limited to interspecific investigations by the low rate of change in 
cpDNA at both the organizational and sequence levels (Palmer, 1987). However, 
more recent studies have illustrated the utility of cpDNA at the species level and 
below (Arnold, 1991; Banks and Birkey, 1985; Soltis et al 1989; Soltis et al 1992). 
The goals of this research were to use restriction endonuclease digestions of 
polymerase chain reaction (PCR) amplified cpDNA fragments; 1) to construct a 
phylogenetic hypothesis among species within Ixirrea, 2) to examine geographic 
variation in cpDNA across the range of L. tridentata, and 3) to assess patterns of
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congruence between cpDNA geographic variation and previously identified 
cytological races within Z. tridentata..
MATERIALS AND METHODS 
Taxa
Larrea tridentata was sampled throughout its distributional range in the 
southwestern US and in Baja, California (Table 1). Five samples, separated by one 
mile intervals, were taken at each location to prevent the sampling of clones.
Seeds were collected from the sites and grown as a source of fresh material. All 
four South American Larrea species were collected within the Monte Desert of 
Argentina (Table 1). Argentine samples were stored as pressed specimens, and 
leaves were stored in drierite. South American Bulnesia retamo was selected as 
the outgroup for the study.
Chloroplast DNA Study
Fresh and dried leaf tissues were obtained from 90 samples from the 
deserts of North America and the Monte Desert of Argentina (Table 1). Total 
genomic DNA was isolated from approximately 50 mg of leaf and bud tissue using 
the method of Doyle and Doyle (1987), with the modification that the volume of 
the extraction was increased. The DNA was amplified via PCR for two gene
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
regions within the chloroplast. The first region was amplified using primers 
homologous to the large subunit of ribulose-1,5-bisphosphate carboxylase- 
oxygenase (rbclS) gene and open reading firame 106 (ORF 106) (Arnold et al., 
1991; Rieseberg et al., 1992). The second region amplified was the transfer RNA 
gene for lysine (tmK) that contains a large intron (Neuhaus and Link, 1987; 
Johnson and Soltis, 1995, K. Steele). Primers used for PCR-amplifying each gene 
region are provided in Table 2. Amplifications were performed in a Perkin Elmer 
Cetus DNA Thermal Cycler programmed for 30 cycles of 1 min. at 95°C, 1 min. at 
49°C, 3 min. at 72°C with an autoextension of 3 s, and one cycle of 7 min. at 
72°C. The amplification products were digested with the following 18 restriction 
enzymes: Aval, Avail, AIul, Bglü, Bsp 1286, Ddel, HaeUl, Hhal, Hindm, 
Kpnl, Msel, Mspl, Rsal, Styl, Taql, and Xbal. The recognition sites for these 
enzymes range fi"om 4-6 base pairs (bp), with the majority being 4 bp. The digested 
PCR products were electrophoresed in 1.5% agarose gel, stained with ethidium 
bromide and photographed.
Divergences among cpDNA haplotypes were suflBciently low to permit 
inference of single restriction site differences among pairs of haplotypes (Dowling 
et al., 1990). This eliminated the need for double and partial digestion methods to 
obtain restriction site gains and losses for each enzyme. Wagner parsimony 
analysis with differential weighting of site gains and losses were implemented using 
the Branch and Bound algorithm in PAUP 3.1.1 (Swofford, 1993). Support for
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phylogenetic nodes were obtained by bootstrapping (Felsenstein, 1985; Hedges, 
1992). Restriction sites were scored as binary characters, and restriction site gains 
were weighted 1.3 and 1.1 times site losses (Albert et al., 1992). Bulnesia, a 
South American member of the Zygophyllaceae, was designated as the outgroup. 
Genetic distances, nucleotide substitutions per nucleotide site, were calculated 
from site data and used to construct trees using equations (Jukes and Cantor,
1969; Nei and Li, 1979) implemented in RESTSITE v 1.2 (Miller, 1991).
Polyploidy Study 
Guard cell size was used to infer the ploidy level of individuals for the 
representative samples used in the chloroplast study. Cell size is correlated with 
DNA content and chromosome number (Stebbins, 1950). Consequently, 
measurements of guard cells or other cells permit the estimation of ploidy levels 
(Johansen and Bothmen, 1994; Masterson, 1994). Fifry-six Larrea plants from the 
deserts in North America were grown from seed in a glasshouse under identical 
environmental conditions. Three leaves from each of the fifty-six plants were 
painted with clear fingernail polish and allowed to dry for two to five hours. The 
polish was then peeled off, and guard cell lengths and widths were measured on 
the peels under the microscope, in micrometers (pm). Ten guard cells per leaf were 
measured, for a total of thirty samples per plant. Guard cell area was calculated 
using the formula of an ellipse:
A = 7t(L/2)*(W/2)
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where L is the length and W is the width of a pair of guard cells. The data were 
analyzed by a nested ANOVA to determine if guard cell are differed among the 
deserts, and among the plants from a particular desert. The ANOVA was 
conducted using the general linear models procedure of SAS (1991) with several 
multiple comparison tests. Samples representing each desert were chosen from the 
centers of each desert, in order to avoid any potential transition zones between 
levels of polyploidy. Samples from within potential transition zones were 
delineated accordingly and included in the multiple range tests.
RESULTS 
Chloroplast DNA Study
The primers rôcL-Zl and ORF 106 amplified an approximately 2910 bp 
cpDNA fragment, while tmK\ 1 and tmkl62\ amplified an approximately 2714 bp 
cpDNA fragment. Thus, the total size of the chloroplast genome surveyed was 
5624 bp. Restriction site variation assayed with 18 enzymes identified 62 sites 
across the genus including the outgroup, only 16 variable sites, and nine of those 
were phylogenetically informative. The phylogenetic analysis using Wagner 
parsimony and the Branch and Bound option of PAUP resulted in a single most 
parsimonious tree of 18 steps with a consistency index of 0.89 (Fig. 1). The 
distance analysis produced a UPGMA tree with the same topology. The outgroup.
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Bulnesia, was highly divergent and illustrated that Larrea was a well resolved 
group. Within Larrea two well-resolved clades were supported. No variation was 
detected within the individual species from South America, although 3 of the 4 
species were identifiable. However, North American L. tritkntata is divided into 
two haplotyes based on one restriction site (Fig. 2). One of these haplotypes was 
shared with South American L. divaricata, and differs from the second L. 
tridentata haplotype by a single restriction site gain. Tetraploid L. cuneifolia and 
diploid L. nitida possess identical cpDNA haplotypes. The L. nitidalL. ameghinoi 
node was delineated by six restriction site gains, while the L. divaricatalL. 
tridentata node has one restriction site gain.
Polyploidy Study
The area of the guard cell, as calculated using the formula of an ellipse, was 
significantly different in the Chihuahuan, Sonoran, and Mojave Deserts (Fj,jo= 
27.55, p<.00001) (Fig. 3). The error term for the nested ANOVA was calculated 
from the variation among individual plants. Mean guard cell area was significantly 
different among all three deserts (Duncan’s and Student-Newman-Keuls multiple 
range tests), and the pattern of increase in guard cell size across the deserts 
matched the pattern of increase in ploidy (Table 3). Mean guard cell area in the 
transition zone between the Mojave/Sonoran Deserts was not significantly different 
from either the Mojave or the Sonoran Desert. Samples from the transition 
between the Chihuahuan/Sonoran Deserts grouped with the Chihuahuan Desert.
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This indicates that Chihuahuan/Sonoran transition zone contains more plants that 
are diploid. Individual plants that had guard cell size falling within two standard 
deviations of the mean of plants from the regional center of the Chihuahuan, 
Sonoran and Mojave deserts were assigned ploidy levels of 2x, 4x, and 6x, 
respectively. This was done to reduce the effects o f transition zones.
The different polyploids of L  tridentata were not congruent with the 
identified cpDNA haplotypes (Table 4). The transition between the Sonoran (4x) 
and the Mojave (6x) is more complex than that mapped in the current literature. 
Each haplotype included diploid, tetraploid and hexaploid individuals. Haplotype A 
consisted of 7% diploids, 40% tetraploids, and 53% hexaploids while haplotype B 
had 57% diploids, 36% tetraploids and 7% hexaploids. The two cpDNA 
haplotypes have opposite percentages of the diploid and tetraploids, and have 
equal percentages of tetraploids illustrating a potential introgression zone.
DISCUSSION
The phylogenetic relationships within Larrea are generally congruent with 
morphological studies. One obvious exception is that L. nitida and L. cuneifolia 
are identical in the cpDNA restriction site analysis. This illustrates that 
cytoplasmic gene flow has occurred. It was hypothesized that the tetraploid, L. 
cuneifolia, was a product of an allopolyploidy event. Hunziker et al. (1977) 
documented through cytogenetic techniques that one of the parents of L
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cuneifolia was L. divaricata or a closely related relative. CpDNA evidence 
documents that one putative parent is L. nitida. Generally, in allopolyploids the 
contribution of the paternal parent seems more easily lost or altered than the 
maternal parent (Song et al., 1988). Thus, it is postulated that L. nitida is the 
maternal donor to L cuneifolia. This allopolyploidy event seems to be “ancient” 
based on the distinct ecological zones and morphologies possessed by each of the 
species L. divaricata, L. cuneifolia, and L. nitida.
The close relationship between L. divaricata and L  tridentata is 
noteworthy. Haplotype A is shared between both species while haplotype B is 
unique to North America (Fig 2). The prevailing theory is that L  tridentata 
arrived in North America via long-distance dispersal from South America. If this 
is correct, there should be more genetic variation accumulated and harbored in the 
continent of putative origin. South American Larrea do not have higher cpDNA 
haplotype diversity. Only one haplotype was detected throughout the entire range 
of L. divaricata in Argentina between 24° to 42° S Latitude. However, in North 
America, L. tridentata exhibits two cpDNA haplotypes, and these haplotype are 
associated with three geographically structured ploidy levels.
The combined pattern of cpDNA and ploidy distribution could be 
explained by four different hypotheses: 1) multiple origins of haplotype A in 
different polyploids via mutation, 2) multiple invasions of haplotype A from South 
America, 3)multiple origins of polyploids containing different cpDNA haplotypes
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and 4) gene flow (introgression) across polyploid boundaries. The basic 
assumption to these hypotheses is that ploidy established through a single lineage, 
thus carried only one haplotype. If each ploidy level arose only once then there 
had to have been recurrent mutation, or gene flow across ploidy from another 
polyploid with a different haplotype. The alternative is that the cpDNA haplotypes 
arose only once, then there must have been multiple origins of polyploids.
The first hypothesis is that as L. tridentata was expanding its range from 
the Chihuahuan Desert to the Mojave and a cpDNA mutation occurred generating 
a new haplotype, B. This mutation then became fixed in the Mojave population 
leading to the pattern seen with haplotype B in different polyploids. However, this 
hypothesis is not congruent with the polyploid data from the southwestern deserts. 
The second hypothesis invokes multiple invasions of haplotype B which could be 
achieved in several ways. First, the two different haplotyes could represent 
isolation of populations during the glacial maximum, and at the onset o f the 
current interglacial these populations were able to slowly increase their ranges until 
they now overlap. Secondly, there could be multiple long-distance dispersal events 
from South America to North America. Haplotype A would represent the first 
dispersal event and the B haplotype would represent a more recent dispersal during 
the last glacial. Either of these invasion hypotheses could occur before the 
polyploidy events or the cpDNA haplotype could be brought into a polyploid.
A third hypothesis is that there could be multiple origins and establishment
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of polyploids. Despite the presumed rarity of the conditions leading to polyploidy, 
multiple origins may be the rule rather than the exception (Soltis and Soltis, 1993).
If polyploidy in Larrea is a response to natural selection associated with different 
environments, long and short term climatic variability may have facilitated multiple 
conditions through time for the formation and selection of polyploids. This could 
occur in A and B populations which would explain why both haplotypes have all 
polyploid levels. Early theoretical data suggest that combining competitive 
superiority, selfing, and niche separation can counter the frequency disadvantage of 
polyploids (Levin, 1975; Felber, 1992). Rodriguez (1996) produced a model that 
illustrated that the conditions of polyploidy establishment are far less restrictive 
with reasonable values of selfing, small niche separation and low density 
dependence values. Thus, this process may not be a rare as initially considered.
The final hypothesis is that gene flow across polyploid boundaries carries A 
or B into different regions. Since the hexaploids could be formed by gene flow 
from diploid to tetraploid, this is a veiy plausible hypothesis. In addition, the gene 
flow would occur in transitions zones between ploidy levels, and the data on 
polyploid distributions indicate that the transitions between the deserts are wider 
than previously acknowledged. Outcrossing results in an increase of the negative 
effects between polyploids, which may produce a more segregated community 
(Rodriguez, 1996).
No “traditional” hypothesis of polyploid origin is consistent with this data
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set. Indeed, the four proposed hypotheses are based on rare events. It is possible 
that each of the last three hypotheses are correct, but have happened at different 
times throughout the evolutionary history of the genus. However, the low level of 
variation detected in the cpDNA analysis of Larrea precludes elimination of any 
of these hypotheses.
Low levels of variation were detected within Larrea compared to other 
studies (Liston, 1992; Reiseberg et ai, 1992). Despite the low levels of variation, 
the frequency of restriction site changes is greater in the deeper nodes than in the 
terminal nodes. The differential rates suggested that there may be unequal rates of 
evolution within the genus, or that reversions have occurred within the L. 
divaricata/L. tridentata node. If the reversion hypothesis is correct, this implies 
there was a long period before the diversification of the two different clades and 
that the terminal nodes of the five species represent recent events. It is interesting 
that in the phylogenetic tree there is equal depth in the North America and South 
America and no evidence that South America has a longer evolutionary history.
This information is confounded by the long lived nature of Larrea, and 
there may be an effect of generation time on the accumulation of genetic diversity. 
Empirical and theoretical studies have suggested that the rate of nucleotide 
substitution is inversely correlated with generation time (Wilson et a i, 1990; Gaut 
et ai, 1992; Suh et a i, 1993; Kisakibaru and Matsuda, 1995; Porter and Johnson, 
1995). To document a “generation-time/persistence effect” both annuals and
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perennials within a group must be sampled; this has not been done within the 
Zygophyllaceae family. A few natural history characters suggest this may be the 
case; 1) seedlings are rarely found, 2) clonal regeneration is common, and 3) an 
approximate age of one individual is approximately 10,000 yrs BP (Vasek, 1980).
Our findings suggest that cpDNA phylogenies be used with caution in 
lower taxonomic groups as a primary basis for estimating organismal phylogenies. 
These data also illustrate the use of guard cell area as a proxy for chromosome 
number.
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Figure Legends;
Figure 1. The most parsimonious tree derived from cpDNA restriction site 
analysis of Larrea. In this analysis restriction site gains were weighted 1.3 times 
site losses. The tree is 18 steps with a C.I. of 0.89. Large numbers above 
branches are bootstrap support based on 100 bootstrap replicates. The sites have 
been mapped on the branches, and homoplasious sites are indicated by different 
shading of the bar. Ploidy levels, sample size and leaf shapes are also indicated.
Figure 2. Geographical distribution of the two haplotypes found within L. 
tridentata. Haplotype B is also found in the entire distribution ofZ. divaricata in 
Argentina.
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Table 1. Locations of species sampled in cpDNA restriction site analysis.
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Taxon Location Voucher
L. tridentata Socorro, Socorro Co., NM 
Loving, Eddy Co., NM 
Carlsbad, Eddy Co., NM 
El Paso, El Paso Co., TX 
Las Cruces, Dona Ana Co., NM 
Denting, Luna Co., NM 
Lordsburg, Hidalgo Co., NM 
Roadforks, Hidalgo Co., NM 
Portal, Cochise Co., AZ 
Benson, Cochise Co., AZ 
Tucson, Pima Co., AZ 
Red Rock, Pinal Co., AZ 
Wittmann, Maricopa Co., AZ 
Nothing, Mojave Co., AZ 
Searchlight, Clark Co., NY 
Needles, San Bernardino Co., CA 
Vidal, San Bernardino Co., CA 
Glamis, San Bernardino Co., CA 
El Centro, Indio Co., CA 
Welton, Yuma Co., AZ 
Organ Pipe Nat Mon, Pima Co., AZ 
Gila Bend, Maricopa Co., AZ 
Tonopah, Maricopa Co., AZ 
Langtry, Val Verde Co., TX 
Lajitas, Presidio Co., TX 
Nevada Test Site, Nye Co., NV 
Las Vegas, Clark Co., NV 
Newberry, San Bernardino Co., CA 
Wikieup, Mojave Co., AZ 
Bagdad, Yavapai Co., AZ 
Congress, Yavapai Co., AZ 
Eloy, Pinal Co., AZ 
Aldogones Dunes, Indio Co., CA 
Mulege, Baja California Sur 
Santa Rosalia, Baja California Sur 
San Ignacio, Baja California Sur 
Alfonsina, Baja California Norte 
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Table 1 cont. Locations of species sampled in cpDNA restriction site analysis.
Taxon Location Voucher
L. di\ooricata San Luis, San Luis Prov. KLH 1A
Algarroba del Aguila, La Pampa KLH 3 A
Gn. Roca, Rio Negro Prov. KLH 5 A
Choele Choel, Rio Negro Prov. KLH 6A
Hunzikers Site, Rio Negro Prov. KLH 7A
Gn. Conesa, Rio Negro Prov. KLH 13 A
Caucete, San Juan Prov. KLH 18A
Bardas Blancas, Mendoza Prov. J17A/18A
Puente Arroyo, Neuquen Prov. J 20A
Corral Quemado, Catamarca Prov. J 31A
L. cuneifolia 25 de Mayo, Rio Negro Prov. KLH 4B 
Gn. Roca, Rio Negro Prov. KLH 5B
San Roque, San Juan Prov. J 1
Quemadade de Talacasto, San Juan J 2 
Quemada de Hueco, San Juan Prov. J 3 
Villa Union, La Rioja Prov. J 4
Parque Ischihualasto, San Juan Prov. J 5 
S of Guandacol, La Rioja Prov. J 6 
Quebrada de las Fléchas, San Juan J 7
L  nitida Choele Choel, Rio Negro Prov. KLH 6C
Hunzikers Site, Rio Negro Prov. KLH 7C
Rawson, Chubut Prov. KLH 11C
San Juan, San Juan Prov. KLH 17C
Bardas Blancas, Mendoza Prov. J 16C
Puente Arroyo, Neuquen Prov. J 19C
L  ameghinoi 40 km S of Punto Tombo, Chubut KLH 9D
Putative Hybrids
L  ameghinoi x L  nitida 60 km S of Sierra Grande, Chubut KLH 12B
Las Vegas, Clark Co., NV KLH A1
Outgroup
Bulnesia retamo Caucete, San Juan Prov. KLH 18C
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Table 3. Mean ( ± S.E.) guard ceil area and sample size from the polyploids of 
L. tridentata in North America.
56
Desert N individuals Guard Cell Area (pm^)
Chihuahuan 14 225 ± 8.5
Sonoran 11 376 ± 15.1
Mojave 11 490 ± 13.0
Chihuahuan/ 
Sonoran Transition 5 278.4 ± 22.7
Mojave/Sonoran
Transition
4 456.9 ± 10.5
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Table 4. North American, Larrea tridentata, with both cpDNA and guard cell 
data organized by southwestern deserts.
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Voucher Location cpDNA Haplotype Guard Cell Size 
(pm^)
Chihuahuan Desert
KLH 106 Socorro, NM B 176.3 (2x)
KLH 120 Whites City, NM B 241.5 (2x)
KLH 132 El Paso, TX B 269.5 (2x)
KLH 250 Lajitas, TX B 251.1 (2x)
KLH 134 Las Cruces, NM B 192.1 (2x)
KLH 135 Las Cruces, NM B 215.4 (2x)
KLH 140 Deming, NM B 249.4 (2x)
Transition between Chihuahuan and Sonoran Deserts
KLH 148 Roadforks, NM B 223.9 (2x)
KLH 151 Roadforks, NM B 306.4 (4x)
Sonoran Desert
KLH 210 El Centro, CA A 282.6 (2x)
KLH 211 El Centro, CA A 387.0 (4x)
KLH 225 Gila Bend, AZ A 470.0 (4x) *
KLH 229 Tonopah, AZ A 368.9 (4x)
KLH 233 Tonopah, AZ A 365.9 (4x)
Transition between Sonoran and Mojave Deserts
KLH 174 Wlttman, AZ B 530.1 (6x)
KLH 178 Wittman, AZ B 457.9 (4x) *
KLH 179 Nothing, AZ B 444.3 (4x)
KLH 180 Nothing, AZ A 473.5 (6x)
KLH 182 Nothing, AZ A 398.1 (4x)
KLH 195 Vidal, CA A 446.3 (4x)
Mojave Desert
KLH 184 Searchlight, NV A 473.2 (6x)
KLH 187 Searchlight, NV A 463.3 (6x)
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KLH 192 Needles, CA A 452.7 (6x) *
KLH 193 Needles, CA A 539.7 (6x)
KLH NTS Nevada Test Site, NV A 463 .0 (6x)
Baja California, Mexico
BC2 Mulege, Baja California B 315.1 (4x)
BC3 Santa Rosalia, Baja CaliforniaB 330.4 (4x)
BC5 Alfonsina, Baja California A 479.5 (6x)
BC6 San Felipe, Baja California A 571.0 (6x)
*Ploidy level determined by location and co-occurring samples due to guard cell 
size ambiguity.
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CHAPTER f f l
POLYPLOroV CHANGES FROM PLEISTOCENE TO PRESENT IN THE 
NORTH AMERICAN DESERT SHRUB, LARREA TRIDENTATA
This chapter has been prepared to be submitted to Science and is presented in the 
style of the journal. The complete citation is:
Hunter, K. L., B. R. Riddle, J. L. Betancourt, K. Cole, W. G. Spaulding, and T. R. 
Van Devender. Polyploidy changes from Pleistocene to present in the North 
American desert shrub, Larrea tridentata. Science. In preparation.
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Polyploidy changes across the range of Larrea tridentata (creosote bush) since the 
end of the glacial maximum to present were inferred from measurements of guard 
cells of leaves preserved in pack rat {Neotoma) middens in the warm deserts of 
North America. Diploids and tetraploids were present in the lower Colorado River 
Valley 10,000 to 18,000 years before present (yr B.P.), and tetraploids replaced 
diploids at Picacho Peak 8,100 yr B.P. Hexaploids were present in the Mojave 
Desert by 6,500 yr B.P. Holocene movement of ploidy levels within L. tridentata 
resulted in the three geographically structured ploidy levels occurring in the three 
southwestern warm deserts, and culminating in the recent expansion of the diploid 
into degraded grasslands of southern New Mexico and southern Arizona.
Polyploidy is a significant force in plant evolution with 30-70% of 
angiosperm species having at least chromosome doubling (1,2). The frequent 
reoccurrence of polyploids has important evolutionary implications. Some 
consequences of this process, including spéciation and population differentiation, 
have been well documented (3,4). Genetic evidence suggests that polyploids 
exhibit nuclear as well as cytoplasmic (chloroplast DNA) diversity which may give 
a selective advantage to the new polyploids (4).
Early polyploidy studies have suggested that new polyploids become 
established under unstable environmental conditions (5). Substantial climate
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variability has been documented in North America since the last glaciation at 
different time scales: glacial/interglacial, millennial, and interdecadal (6). 
Understanding the response of newly formed polyploids to environmental change 
is fundamental in understanding the dynamics of polyploidy in nature.
One immediate effect of increased ploidy is an increase in cell size. This 
increase has been shown to be correlated with DNA content, and thus with 
chromosome number (7). Guard cell size has therefore been used as a proxy for 
chromosome number or genome size in Tertiary (50 Ma) fossils (1). The 
importance of polyploidy has been recognized, but data documenting the timing of 
polyploidy changes are limited to the past century (8). Here we determine 
polyploidy changes in creosote bush {Larrea tridentata) since the last glaciation by 
inferring chromosome number on the basis of cell size from modem and fossil 
leaves.
Creosote bush is the most abundant and widely distributed shrub in the 
warm subtropical deserts of North America. Three morphologically 
indistinguishable ploidy levels have been identified in creosote bush: diploid 
(2n=26) in the Chihuahuan Desert, tetraploid (2n=52) in the Sonoran Desert, and 
hexaploid (2n=78) in the Mojave Desert (9). This work has lead to the 
generalization that a different ploidy level is associated with each desert. The genus 
Larrea has four species in South America and one in North America, and the 
timing of the disjunction has been debated (10). Early research has suggested the
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increase in polyploidy seen in North American creosote bush occurred in the early 
Holocene (10,11). Subsequently, L  tridentata leaves radiocarbon dated to the last 
glaciation (18-12 ka, thousand years ago) have been found suggesting that one ore 
more of the ploidy levels already existed in North America before the Holocene 
(12). The diploid ancestor to L  tridentata is assumed to be L. divaricata, which 
is morphologically identical to the North American creosote bush. Work is 
ongoing to determine if the two are distinct species, but their sister-group afSnity 
has been supported by chloroplast DNA (cpDNA) data (13). South American L. 
divaricata is diploid throughout its range, and experienced glacial-interglacial 
climatic variation but has not produced polyploids (11,14). Autopolyploidy 
events produced the three different polyploids in North America as a postulated 
adaptive response to increased aridity (9).
To test the hypothesis that polyploid creosote bush individuals were 
present during the last glacial (70-11 ka), we first measured the guard cell area of 
glasshouse grown plants (15) from 40 locations in the Chihuahuan, Sonoran and 
Mojave Deserts (Fig. 1) to determine if cell size could be used to diagnose the 
three ploidy levels. The three ploidy levels exhibited significantly distinct guard 
cell sizes with very little overlap (16). Exemplar voucher specimens of the 
glasshouse plants’ parents were measured to determine if drying affected the guard 
cell area (17). Guard cell areas of the fi'esh and dried samples were almost
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63
identical, confirming earlier evidence that preservation and environment does not 
confound cell size measurements (1).
The present distribution of polyploids (Fig. 1 A) generally corroborates 
Yang’s original work, where ploidy levels were separated by deserts (9), with a 
few notable exceptions. The transition regions between the Mojave (6x) and the 
Sonoran (4x) illustrate substantial overlap, and overlap to a lesser degree occurs 
between the Sonoran (4x) and Chihuahuan (2x). Secondly, several diploid pockets 
have been identified in regions dominated by tetraploids and hexaploids (Fig. 1 A). 
All three ploidy levels are present in Baja California, where the hexaploids and 
tetraploids are separated by a region of diploids. This information provides an 
accurate template summarizing the complex modem distribution of polyploids that 
can be used to infer ploidy distributions of the past.
Fossil pack rat middens in the southwestern United States have preserved 
creosote bush leaves, as well as a record of the timing of the expansion of Larrea 
(18). Fossil cell size was measured (19) in multiple leaves fi-om 36 different pack 
rat middens fi-om 16 locations across the southwestern deserts (Table 1). The 
oldest middens (18 ka) with creosote bush occur in the lower Colorado River 
Valley in California and Arizona, and an isolated sample fi-om Texas is dated at 10 
ka. These samples show that diploids and tetraploids were both present (Fig. ID) 
in the late Pleistocene. These samples represent the known fossil range of creosote 
bush, but it may have also occurred in lowlands outside the documented range.
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where pack rats middens are less likely to be preserved. Hexaploids first appear in 
the midden record at 6,480 yr. B. P. in Nevada (Fig. 1C). There also was a 
northerly expansion of tetraploids fi~om Arizona into Nevada at that time. 
Approximately 5,000 yr. B. P., creosote bush populations fi-om mountain ranges 
in the lower Colorado River Valley that originally were diploid changed to 
tetraploid or hexaploid (Fig. IB). This time period also documents the spread of 
diploids northward into New Mexico and Arizona, which has accelerated with fire 
suppression and overgrazing in the modem era (20).
The presence of tetraploids as well as diploids during the late Pleistocene 
suggests that creosote bush was in North America significantly longer than was 
first postulated. The spontaneous origin of an autopolyploid is a rare event (21), 
and the establishment of a novel polyploid type in a diploid population is even 
more rare (22). These combined processes could take a considerable amount of 
time which would place creosote bush in North America substantially earlier that it 
appears from the midden record, hence firmly during the last glacial (70-11 ka). 
The expansion of the polyploids may have been mosaic in nature with multiple 
origins of polyploids, gene flow across polyploid boundaries, and possibly multiple 
invasions fi*om South America. The ploidy change from diploids, to tetraploids 
and hexaploids fi*om 8,000 yr. B P to the present suggests a shift in climatic 
conditions that would give the polyploids a selective advantage. Elevated 
temperatures during that time period has been referred to as the Altithermal (23),
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which may represent the selective regime necessary to allow the successful 
expansion of the polyploids. The Greenland Ice Sheet Project 2 (GISP2) ice core 
has revealed the gradual warming between 9200 and 7300 cal B.P.(24). Other 
paleorecords have shown similar changes during this period (25). However, 
climatic conditions associated with Heinrich events could have produced 
environments which selected for the establishment a ploidy level, and the 
subsequent Holocene events allowed for the expansion of the ploidy produced 
during the last glaciation.
To test these hypotheses, pack rat middens that contain creosote bush from 
Mexico need to be documented. This information could more conclusively 
determine if there were tetraploids or hexaploids significantly older than 18,000 yr. 
B. P. Molecular studies have been done but as of yet have not been able to 
genetically distinguish between the three polyploids (13). However, once this 
information is available it should contribute to the evidence determining when 
creosote bush arrived in North America.
Fossil and modem cell sizes combined provide a reliable source of data on 
polyploidy. They provide a method to test historical changes in polyploidy levels, 
and how ploidy levels are distributed across the landscape. This technique can be 
applied to many other polyploid complexes that have well preserved leaves in the 
fossil record.
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Figure Legend
Figure 1. Distribution o îL  tridentata polyploids through time. The red 
squares are hexaploids, blue are tetraploids, and yellow are diploids. A) Modem 
distribution of polyploids, B) Late Pleistocene/Early Holocene distribution, C) 
Mid-Holocene distribution, and D) Late Holocene distribution.
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CHAPTER rV
VARIATION IN THE RIBOSOMAL INTERNAL TRANSCRIBED 
SPACER (TTSl) WITHIN THE GENUS, LARREA
This has been written in the general format for eventual publication in Systematic 
Botany. The complete citation is:
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ABSTRACT
The internal transcribed spacer region (TTSl) of the 18S-25S nuclear ribosomal 
DNA repeat unit was sequenced from twelve individuals from the Larrea genus to 
provide an hypothesis of phylogenetic relationships among the five nominate 
species. Three sequence types were determined based on sequence similarity, and 
more than one ITS type was found in most individuals. The preliminary phylogeny 
inferred counters morphological systematics by indicating L. divaricata/L. 
tridentata as ancestral to L. nitida, but leaves L. ameghinoi as the ancestral taxon 
o f the genus. More sequence data are being collected to address complex 
multigene evolutionary questions.
INTRODUCTION
Recently, the ITS region, a part of the transcriptional unit of nuclear 
ribosomal DNA (nrDNA), has become increasingly used to address lower-level 
phylogenetic questions in angiosperms and other eukaryotes (Baldwin et ai, 1995; 
Porter, 1993; Soltis and Kuzoff, 1995). Several general features promote its use in 
phylogenetic analyses. The nrDNA multigene family is highly repeated in the plant 
nuclear genome where there are thousands of copies arranged in tandom repeats 
(Hamby and Zimmer, 1992). This gene family also undergoes rapid concerted 
evolution (Amheim et al., 1980; Amheim, 1983; Zimmer et al., 1980) by unequal 
crossing-over and gene conversion. Concerted evolution serves to homogenize the 
thousands of copies within an individual. In most cases divergent repeat types
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within an individual are not seen (Baldwin et al., 1995), indicating that within 
taxon concerted evolution occurs rapidly relative to spéciation rates. Also, the 
small size of the ITS region is an advantage for rapid low cost sequencing. The 
presence of highly conserved flanking regions allows the region to amplify and 
align easily (Fig. 1).
The ITS region represents a rapidly evolving sample of nrDNA, and a 
resulting phylogenetic hypothesis can provide an independent assessment of the 
robustness of a phylogenetic hypothesis based on chloroplast phytogenies (Hunter 
and Riddle, in prep). Phylogenetic hypotheses based on organellar DNA may 
potentially lead to incongruence with actual organismal phytogenies due to 
convergence, heterogeneity of evolutionary rates, sampling error, and chloroplast 
capture (Doyle, 1987; Rieseberg and Brunsfeld, 1992 Rieseberg et al, 1990; 
Rieseberg and Soltis, 1991; Soltis et al., 1991; Soltis and Kuzoff, 1995; Saitou and 
Nei, 1986; Wilson et al., 1990; Zimmer et al., 1980).
Larrea is a member of the dicot family Zygophyllaceae, which consists of 
26 genera and about 250 species (Engler, 1896). Four species occur in South 
America (L. divaricata, L. cuneifolia, L. nitida, L. ameghinoi) and one in North 
America (JL. tridentata). Hybridization and allopolyploidy events have occurred in 
South America (Hunziker et al., 1977) while in North America L. tridentata has 
undergone autopolyploidy events and subsequent introgression to produce 
geographically structured populations within three different ploidy levels: 
Chihuahuan Desert (2x), Sonoran Desert (4x), and Mojave Desert (6x) (Yang
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1970; Hunter and Riddle, in prep.; Hunter et a l, in prep). The ITS analysis was 
intended to determine the relationships between the polyploids, and produce a 
well-resolved phylogeny of the entire genus.
MATERIALS AND METHODS 
Taxa
All five species of Larrea and one outgroup Guaiacum coulteri were used 
in the analysis (Table 1). In order to sample the range of ITS 1 variation within 
species, individuals were examined fi*om throughout the range of each species.
The sampling regime for North American L. tridentata included; one diploid 
individual (one ITSl clone), one hexaploid individual (two ITSl clones), and 
three tetraploid individuals (six ITSl clones) for a total nine sequences from L. 
tridentata. The South American samples included: 1) L. divaricata-two 
individuals (one ITSl clone each); 2) L  cuneifolia - two individuals (four ITSl 
clones); 3) L. nitida - two individuals (four ITSl clones); and 4) L. ameghinoi - 
one individual (two ITSl clones). One individual fi’om the outgroup, Guaiacum 
coulteri, was included, using two ITSl clones. Twenty-three sequences were used 
in the analysis.
ITS Amplification and Sequencing Strategies
Total DNA was isolated fi-om fresh and dried leaves using a modification 
(Hunter and Riddle, in prep) of the miniprep method of Doyle and Doyle (1987). 
Single individuals were used to obtain DNA. Double-stranded DNA of ITSl was
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amplified by 35 cycles of symmetric PCR using the primers ITS5 and ITS2 of 
White et al. (1990). The first cycle consisted of 1 minute at 95°C to denature 
double-stranded template DNA, 1 minute at 49°C to anneal primers to single- 
stranded template DNA, and 30 seconds at 72°C to extend primers, which was 
gradually increased by the addition of 2 seconds to each 72°C period. A final 
extension period of 5 minutes at 72°C terminated the PCR. There were up to eight 
products of the this reaction in some Larrea species. The amplification products 
that were approximately 200-300 base pairs were separated by electrophoresis 
through 1.0% agarose gel using 1 X TAB buffer. After staining the gel with 
ethidium bromide, the PCR-amplified bands were excised fi*om the gel and the 
DNA was eluted, and concentrated DNA was recovered with glass beads using 
Geneclean (Bio 101, Inc.).
Amplification products were inserted into a plasmid vector using the TA 
Cloning kit (Invitrogen). A PCR amplification using the primers for ITSl was 
done to verify that positive colonies contained the Larrea insert. Bacteria were 
grown overnight in a rich medium to increase plasmid yields, and concentrated 
plasmids were obtained through a plasmid isolation (Applied Biosystems, 1991).
Double-stranded plasmids were directly sequenced using the Sequenase 
Version 2.0 (United States Biochemical Corp.) dideoxy chain termination method, 
employing plasmid primers T7 and Sp6. Modification of the Sequenase protocol 
included dénaturation of the double-stranded DNA by boiling the DNA/primer mix 
for 3 minutes, followed by snap-chilling this mixture in liquid nitrogen (Palumbi et
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al., 1991). Sequences were resolved in 6% aciylamide gels. The gels were run 
so that 100 bp of the plasmid ran off the gel leaving the ITS 1 of Larrea. Gels 
were transferred to #3 Whatman filter paper, dried under vacuum, and exposed to 
x-ray film for 18-120 hours.
Data Analyses
The sequence boundaries among the ITSl spacer and the two coding 
regions (18 S and 5.8 S) of nrDNA were determined by comparison with published 
sequences fi*om Asteraceae (Baldwin, 1993). The sequences were aligned using 
the program Clustal W (Thompson et al., 1996).
To evaluate the nonrandom structure of the ITSl data the skewness (gl) 
test was used (Hillis, 1991; Huelsenbeck, 1991; Hillis and Huelsenbeck, 1992).
The RANDOM TREES feature of PAUP was used to determine the distribution of 
tree lengths based on 10,000 randomly generated trees and to calculate the gl 
skewness. After initial assessment of the gl statistic clades with the highest 
bootstrap values were removed, and sets of 10,000 random trees were generated 
again. This analysis was to provide an assessment of whether structure or signal 
existed in the data. The skewness values obtained were tested for significance 
using null models for the appropriate number of taxa and characters (Hillis and 
Huelsenbeck, 1992).
The phylogeny of these sequences was explored by using character-based 
and distance-based approaches to phylogenetic reconstruction. Parsimony analyses 
were conducted with the aid of PAUP version 3.1.1 (Swofford, 1993). We used a
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heuristic search with MULPARS, TBR branch swapping, and random taxon 
addition with ten replicates. In all cases, bootstrapping was used as an indicator of 
the robustness of each node in the phylogenetic tree. For distance-based 
phylogeny estimation, we translated the observed distances between all pairs of 
sequences to Jukes-Cantor or Kimura 2 parameter distances and used the resulting 
matrices to neighbor-joining analysis using Mega (Kumar et al., 1993).
RESULTS
The ITSl spacer of Larrea was a length of ~220 bp, and G/C content 
ranged from 40-60%. There were numerous differences among the sequences, 
which made it difficult to align the nucleotides homologously. Only 170 bases were 
used due to the lack of complete sequences from six of the clones. The skewness 
test suggested that there is considerable nonrandom structure in the ITSl data set. 
The gl value is -0.591747 which is below the P < 0.01 level of significance (Hillis 
and Huelsenbeck, 1992).
The alignment of the ITSl sequences shows that the ITSl sequences 
cluster into three major classes, termed “type F’, “type O”, and “type HF’. The 
sequence types differ extensively from one another. The parsimony and distance 
analyses on the complete data set resulted in patterns where individual taxa were 
spread throughout the tree (Fig. 2). Type I consists of four species: L. tridentata 
(2x and 4x), L. divaricata, L. cuneifolia, and L. ameghinoi for a total of seven 
clones. In this type L. ameghinoi was ancestral to the others, and again L.
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tridentata and L  cuneifolia were sister taxa. Type II is the largest with eight 
clones: L. cuneifoliaÇl), L  nitida(4), L. /rK/entoto tetraploid (1), andZ,. 
ameghinoi{\). Three L  nitida grouped together in one clade, and the other clade 
included L  nitida, L. cuneifolia, L  divaricata and L. tridentata were together. 
Type m  indudes L. tridentata (4x and 6x) and one sample of L. cuneifolia for a 
total of five clones. In this type North American tetraploid is ancestral to the 
hexaploids. The divergence values for these types were very large, which 
prevented the use of some distance algorithms. The commonalties across types 
include the clustering of tetraploid L. tridentata and tetraploid L. cuneifolia in 
each of the three types.
DISCUSSION
The size of ITSl (-220 bp) in the members of the genus Larrea is 
comparable to those reported for other angiosperms, which range from 194-265 bp 
(Schiebel and Hemleben, 1989; Venkateswarlu and Nazar, 1991; Soltis and 
Kuzoff, 1993,1995; Baldwin 1992, 1993; Porter, 1993; Sang e/a/., 1995). 
Phylogenetically, the most important finding was that L. divaricata/L. tridentata 
complex is ancestral to L. nitida, and that L. ameghinoi is ancestral to the rest of 
the genus. This information contradicts the current morphological systematics 
which groups L. nitida and L. ameghinoi together in a section which is ancestral to 
the rest of the genus. However, caution must be exercised when phylogenetic
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relationships are based on a tree with repeats that have different evolutionary 
histories.
We have determined that there are non-homologous copies with an 
individual, as seen when different clones of the same individual are more closely 
grouped with another species as seen in the tetraploid of L. tridentata. However, 
partial homogenization of ITSl has occurred and is seen in the grouping of L. 
nitida together. This intermediacy of concerted evolution presents a problem in the 
interpretation of the phylogenetic relationships (Sanderson and Doyle, 1992). A 
previous ITS study has demonstrated discrete sequence types from pooled DNA 
in recently evolving Motm/wj (Ritland et al., 1993) which indicates that this 
situation may not be unique. The data suggest nrDNA repeats in some 
families/genera/species are homogenized by concerted evolution and some are not. 
Modeling of concerted evolution has shown that to evolve in concerted fashion the 
rate of mutational divergence among the multigene family members must be less 
than the rate of fixation (Amheim, 1983). This must be the case or the different 
types would continue to persist.
This theory can be reduced down to the level of species. Can one predict 
which species would have incomplete homogenization of nrDNA repeats? There 
are three hypotheses that can explain the absence or minimization of concerted 
evolution. First, if a species has just been formed and is rapidly evolving there may 
not have been enough time to homogenize all the repeats. This hypothesis was 
favored by Ritland et al. (1993) to explain xheMimulus data, and is a possibility
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with this data set. Polyploidy and hybridization represent cases where divergent 
genomes are united in a common nucleus, providing the possibility of 
nonindependent molecular evolution (Wendel et al., 1995). The final case is the 
effect of “generation-time/persistence” on concerted evolution. If recombination 
is not occurring then unequal crossing-over, a mechanism of concerted evolution, 
is not homogenizing the nrDNA. This, coupled with long generation time could 
lead to the intermediacy of concerted evolution.
Our findings could be augmented with increased sequencing of the entire 
ITS region and the 5.8 S DNA, increased number of clones, and determination of 
how many non-homologous sequences there are present within the different 
species of Larrea. These data also suggest caution is warranted when utilizing 
multigene families for phylogenetic reconstructions.
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Figure Legend;
Figure 1. Organization of the ITS region. The arrows indicate orientation and 
position of primer sites. Primer names from White et al. (1990). (From Baldwin et 
al., 1995).
Figure 2. ITSl phylogenetic tree which is the 50% majority rule consensus of 11 
most parsimonious reconstructions that was generated with a heuristic search with 
the use of 10 random addition sequences. The numbers on the branches represent 
values from the consensus process.
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L. tridentata (2x) 
L. tridentata (4x) 
L. tridentata (4x) 
L. tridentata (4x) 
L. tridentata (6x)
Roadforks, Hidalgo Co., NM 
Wittmann, Maricopa Co., AZ 
Nothing, Mojave Co., AZ 
El Centro, Indio Co., CA 







L. divaricata (2x) 
L. divaricata (2x)
Gn. Conesa, Rio Negro Prov. 
Corral Quemado, Catamarca Prov.
KLH 13A 
J31A
L. cuneifolia (4x) 
L. cuneifolia (4x)
Gn. Roca, Rio Negro Prov. 
Quemadade de Talacasto, San Juan
KLH5B
J2
L. nitida (2x) 
L. nitida (2x)
Choele Choel, Rio Negro Prov. 
Rawson, Chubut Prov.
KLH6C 
KLH l i e
L. ameghinoi (2x) 40 km S of Punto Tombo, Chubut KLH9D
Outgroup
Guaiacum couiteri Sonora, Mexico Herbarium of 
the University 
of Arizona
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CHAPTERS
GENERAL DISCUSSION
The chapters presented herein utilize different techniques to elucidate the 
evolutionary history of Larrea. This genus is a very successful component to the 
ecosystems in North and South America. Research examined the genetic 
variability within the genus to address biogeographic hypotheses. First, two 
rapidly evolving gene regions within the chloroplast DNA (cpDNA) were 
examined with restriction site analysis to produce a genus level phylogeny, as well 
as determining the genetic variation within the genus. Nuclear ribosomal DNA 
(nrDNA) was used to supplement the cpDNA. Additionally, the distribution of the 
three geographically isolated polyploids that occur in North America were 
examined both spatially and temporally to address questions about the advance of 
L. tridentata in the Holocene.
Chloroplast DNA And Nuclear DNA
Few studies have addressed the question of genetic variability in 
dominant desert shrubs (Schuster, et al., 1994; Bolger and Simpson, 1995; Miao et 
al., 1995). However, some populations of Larrea have been examined using 
allozymes (Sternberg, 1981; Schuster et al., 1994, Tim Lowrey, personal
94
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communication). The initial study of allozymes revealed that clonal individuals 
were identical and that plants not part of the clone studied were different 
(Sternberg, 1981). Other allozyme studies have mixed results with Larrea 
populations in Arizona that have low genetic diversity (Schuster et al., 1994), 
while research from the Chihuahuan Desert has detected large amounts of genetic 
variation within populations and no differentiation among populations (Lowrey, 
personal communication).
The results from cpDNA and nrDNA (ITSl) phylogenetic analyses mirror 
the dichotomy found within the allozyme research as expected, in that the two 
gene regions have different levels of variability and unique evolutionary histories. 
The cpDNA had low levels of variation, but produced an unexpected distribution 
of haplotypes and was able to document chloroplast capture based on 
hybridization events. The ITSl results were the opposite with so much sequence 
variation due the non-homogenization of different repeat types, but more research 
needs to be done to reveal clearer evolutionary patterns within this multigene 
family in Larrea. However, the trend of high variation within the nuclear genome 
is present.
The genetic variation found within Larrea is confound by several different 
forces. The first is hybridization and introgression which have lead to spéciation in 
the genus (Hunziker et al., 1977), and the have prevented the cpDNA phylogeny 
from being completely resolved. Additional factors that may hinder variability 
estimates are associated with life history characteristics: clonality, persistence, and
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the long generation time of these plants. At this point it is difiBcult to 
conclusively determine if these factors affect genetic variability, but this is an area 
where more research is necessary. The last factor is polyploidy which is present 
and has the potential of increasing heterozygosity, slowing concerted evolution, 
and increasing of the cell size which may have fitness consequences (Masterson, 
1994; Soltis and Soltis, 1991; Wendel et al., 1995).
Polyploidy
The distribution of Larrea tridentata polyploids represents a classic 
example of polyploids separated by an ecological parameter (Yang, 1970). Thus, 
the polyploidy events have been interpreted as a gradual change from diploid to 
hexaploid as L. tridentata has expanded into the modem deserts following the last 
glaciation (Hunziker et al., 1977). The work illustrated in Chapter 3 reflects an 
innovative method of documenting distributional patterns of polyploid change 
through time with the use of fossil leaves. This research has revealed surprisingly 
complex ploidy distributions in the present as well as in the past. Thus, it is 
possible that this pattern is the result of multiple polyploidy events that have 
occurred when conditions were under the correct selectional requirements.
Larrea is a small genus that has a very complex evolutionary history, 
which has probably contributed to its success. The combination of hybridization, 
introgression, polyploidy, and unique life history traits prevent an easy
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interpretation of its biogeographic history. However, new techniques and new 
questions may shed light on the evolutionary history of this classic plant.
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